electron microscopy (SEM), transmission electron microscopy (TEM), and N 2 formation mechanisms of hierarchical porous ZnO (ZnO with meso and macro pores) were also studied. difference in structure between the two kinds of ZnO, the two ZnO based adsorbents showed different desulfurization activity.
Introduction
With increasingly stringent environmental regulations, deep desulfurization for production of gasoline oil has become an important issue, and technologies for ultra-deep subject of environmental catalysis studies worldwide processing of fuel for fuel-cells, which has a more rigorous fuel for internal combustion engines. Approaches to deep in unnecessary olefin saturation, excessive hydrogen cost and octane number reduction while removing sulfur species.
sorbents, which can adsorb organosulfur compounds from 2004). Recently, one novel method, reactive adsorption, has been implemented in S-Zorb desulfurization technology (Khare and Gyanesh, 2001 ). This technology can reduce requirement for sulfur content of fuel cells (Ma et al, 2005) , adsorbent was greatly improved (Zhang et al, 2010) . Although nano ZnO has many superior properties such as large surface area, high reactive activity and enhanced sulfur capacity, kinds of ZnO porous materials with rod-shaped morphology process was evaluated. After the autoclave cooled, the ZnO powder was obtained by centrifugation, and then it was washed 3 times with absolute sample was labeled as ZnO-a. The hierarchical poly-crystalline ZnO assembly was synthesized by a precursor thermal decomposition reaction. The precursor zinc oxalate was obtained by the solvothermal method. Zn(CH 3 COO) 2 ·2H 2 in absolute ethanol and marked solution A; H 2 C 2 O 4 ·2H 2 O dropped into solution A to obtain a homogeneous and stable ZnO precursor sol. The ZnO precursor sol was transferred into a teflon-lined autoclave and heated at 100 °C for 12 h. Subsequently, the mixture was cooled, centrifuged, and for 12 h. ZnO powder was obtained from the precursor by thermal decomposition at 400 °C for 4 h, The as-prepared ZnO sample was labeled as ZnO-b. extruding a mixture of ZnO, pseudo-boehmite and diatomite at a weight ratio of 5:3:2. After drying and calcination of the shaped catalyst, Ni was introduced by impregnation of Ni(NO 3 ) 2 Then the obtained products were calcined at 400 °C for 4 h, and the samples were named according to their composition. the form of the oxide-state or reduced-state, respectively, where ZnO-x denotes the corresponding ZnO-a and ZnO-b as mentioned above.
Experimental

Materials
Characterization
The crystal structure of as-prepared materials was ( powder were observed by scanning electron microscopy prepared by dispersing the sample in ethanol and putting a drop of the suspension on a carbon-coated copper grid. The solution was allowed to evaporate leaving behind the nanocrystals on the carbon grid.
The pore properties of the samples were measured from 2 adsorption and desorption isotherms were measured at -196 °C on a Micromeritics ASAP 2010 instrument. The specific surface
Performance evaluation
The experiments for activity evaluation were carried 2 test was performed under conditions of 400 °C, 0.5 MPa, H 2 space velocity) 2 h -1 . The reaction products were analyzed 3 Results and discussion
Preparation and characterization of ZnO materials
and b), respectively. The as-synthesized ZnO by two different crystal system: hexagonal) and well crystallized. For ZnO-a, the diffraction peaks were very sharp and the intensity of the diffraction peaks was very strong. However, for ZnO-b, the diffraction peaks were broadened, which indicated that the particle size of ZnO-b was smaller than that of ZnO-a. The nano-crystal size of ZnO-b calculated by the Scherrer of ZnO-b are shown in Fig. 1 (c), which suggested that the precursor is ZnC 2 O 4 ·2H 2 system: monoclinic), and ZnO-b can be easily obtained from the low-temperature thermal decomposition reaction.
The morphology and texture of the as-prepared samples were observed by SEM and TEM. As shown in Fig. 2 , they had similar structure on a mesoscopic scale and were roughly rod-shaped at different scales. The morphology of ZnO-a is shown in Fig. 2 (upper) , and the average diameter and length crystals of the precursor of ZnO-b were relatively smaller than ZnO-a ( Fig. 2 (middle) ). Macropores were formed by the stacking of the rods of ZnO or zinc oxalate precursor. As we know, the shape memory effect and crystal oriented attachment exist generally in low-temperature solid-phase reactions. Thus, the mesoscopic morphology of ZnO-b was maintained after thermal transformation and the size of ZnO-b crystal (Fig. 2 (below) ), as mentioned above, was much smaller than that of ZnO-a, and the average diameter Furthermore, the HRTEM images showed that the surface of the rods was very rough (see Fig. 3 ), which was because of the agglomeration of disordered nanocrystals, and indicated that the mesoscopic scale rod-like structure formed by a selfassembly process.
The crystal structure of the two kinds of ZnO crystals a nanorod is pointed like a sword. The selected area electron single crystal and could be indexed as hexagonal, which was be seen that the ZnO-b nanorod was composed of hexagonal nano-flakes whose size was 20-30 nm. A lot of mesopores Intensity, a.u.
Intensity, a.u. Intensity, a.u.
, degree
2 , degree 2 , degree (c) assembly indicated that the nanorod was poly-crystalline in different crystal structure characteristics. and the pore size distribution of the as-obtained ZnO, detailed characteristics of ZnO materials were studied by are presented in Table 1 . From the mercury intrusion data we know both the materials possessed macro pores, and average (ZnO-b), respectively. Compared with ZnO-a (Fig. 5 (left) ), two pronounced peaks were found on the mesopore scale 5 (right)), which might be caused by tiny crystal grains with different sizes. The corresponding isotherms of mesoporous H3, which implied that the pore structure of ZnO-b was slitshaped and was non-uniform in shape and size. Obviously, the pore size distribution of ZnO-b was hierarchical, and its specific surface area and pore volume were larger than ZnO-a, which may be attributed to the great difference in the texture structure and the process of ZnO crystal growth (Figs.  3 and 4) . Relative pressure (P/P 0 ) 
Growth mechanism of ZnO materials
In general, the larger ZnO crystal is a polar crystal whose positive polar plane is rich in Zn and the negative polar plane is rich in O (Zhang et al, 2004 ). In the hydrothermal process, the growth unit of ZnO is the [Zn(OH) 4 ] 2 tetrahedron. The mechanism of the formation may be explained with the assistance of the schematic shown in Fig.  6 . At the very beginning, PEG surfactant macromolecules induced the formation of rod-like structures. Surfactant macromolecules were selectively adsorbed on some crystal planes through hydrogen bonding, which gave rise to the growth rate diversity of [Zn(OH) 4 ] 2 tetrahedra on different crystalline planes of ZnO (Cheng et al, 2008; Li et al, 2008) . The growth rate on the planes decreased in the order of (0001) (101 1) (1010) (1011) (000 1)
The faster the growth rate, the quicker disappearance of the plane. Therefore, the (0001) plane, with the maximum growth rate, disappeared gradually in the hydrothermal process, and led to the pointed shape at one end of the c axis (Dem'yanets and Lyutin, 2008). However, the (000 1) plane, with the slowest growth rate, was maintained in the hydrothermal process, and led to the plain shape at the other end of the c axis. As shown in Fig. 6 , the precursor of ZnO single-crystal was [Zn(OH) 4 ] 2 , and the process was in-situ crystal growth.
The growth mechanism of ZnO-b was different from that of rod-like precursor microcrystals due to the induction of surfactants. Then ZnO crystals formed after the thermal decomposition of the precursor. Fig. 4 shows that the ZnO rods are composed of many hexagonal nanocrystals, and the rod morphology of the precursor could be maintained by nanocrystal ZnO assembling through crystal oriented attachment at relatively low temperature. Mesopores formed during the ZnO nanocrystal self-assembly process while the macropores were kept due to the aggregation of the rod-like assemblies.
Evaluation of performance of Ni/ZnO adsorbents
To investigate the effect of texture structure on the kinds of adsorbents were prepared using the as-obtained ZnO went up rapidly at an early stage. To some extent, the results of reactive adsorption of sulfur were related to the textural structure of ZnO samples. Figs. 9 and 10 show the mechanism According to the reactive adsorption mechanism, organosulfur compounds in FCC gasoline oil was adsorbed selectively at Ni active sites and generated NiS x and H 2 S, while ZnO converted into ZnS by capturing the sulfur from NiS x or H 2 ZnO played an important role in transferring sulfur species for the process of NiS x "self-regeneration" back to Ni 0 . The reaction rate of zinc oxide with H 2 S and sulfur species on nickel surface was crucial, because it determined the performance of the reactive adsorption desulfurization sulfidation on the ZnO surface was diffusion-controlled crystal size of ZnO would facilitate diffusion and hence enhance the desulfurization activity. So the improved capacity of reactive adsorption of sulfur can be attributed to the promoted diffusion effect and large specific surface area of Single crystal ZnO obtained by the one step hydrothermal area. As a result, the capacity of reactive adsorption of sulfur was relatively small. As shown in Fig. 9 , when ZnO on the outside of the particles was converted into ZnS completely, the ZnO inside the particles was difficult for the H 2 S to access because of the diffusion limitation. While for polycrystalline assembly ZnO (ZnO-b), the small crystal grains could form many effective mesopores and tiny nanocrystals. This kind of ZnO has an extremely high surface activity due to the increase in the number of active sites on the surface. The uneven atomic steps on the surface increased the chance of contact between the adsorbent and the reactant molecules. As shown in Fig. 10 , mesopores in the grains and the high surface area were helpful to improve the Ni dispersion on ZnO. The efficiency of sulfur transferring was improved of ZnO.
Conclusion
Two kinds of ZnO porous materials with rod-shaped morphology were synthesized and their application single-crystal zinc oxide was obtained from a hydrothermal method and a hierarchical poly-crystalline zinc oxide assembly was obtained from rod-like macroporous precursor thermal transformation. The hierarchical poly-crystal ZnO assembly maintained the rod-like precursor morphology after phase transformation for the shape memory effect in a low temperature solid-phase reaction. The developed hierarchical pore structure is composed of meso-pores formed between the nanoclusters and the macro-pores formed between the rod-like assemblies. Compared with macroporous rod-like performance, which can be attributed to the enhanced diffusion effect and higher surface area in hierarchical pore
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